ABSTRACT In this paper, a geometrically-based single-bounce multiple-input-multiple-output (GBSB-MIMO) channel model is proposed for the long term evolution-metro (LTE-M) system in tunnel scenarios. The periodic slots of leaky coaxial cable (LCX) are equivalent to a series of magnetic dipoles. Based on the electric field distribution of the LCX, the theoretical model for line-of-sight (LOS) and non-line-of-sight (NLOS) propagation paths in the tunnel environment are derived. The measurement and simulation results are compared in terms of condition number (CN), channel capacity, and channel correlation function (CF), which verifies the feasibility and rationality of the new proposed model. The simulation results demonstrate, under such circumstances when the Ricean K-factor is smaller, the LCX spacing has a little influence on the channel capacity and CN due to a large number of the NLOS propagation paths in the tunnel, while as Ricean K-factor increases, the LCX spacing has more influence on the channel capacity and CN. By comparison of the measurement and simulation results, it was found that the capacity and CN of the LCX-MIMO is better than the dipole MIMO with different Ricean K-factor values, and under such conditions when the spacing between LCXs and the dipole antennas is increased. Therefore, this paper delivers an optimal system design for channel capacity based on the LCX deployment in the tunnel environment.
I. INTRODUCTION
In recent years, leaky coaxial cable (LCX) has been widely used as a transmitting or receiving antenna for indoor communications due to enormous advantages such as uniform coverage, less interference and simple installation method. LCXs are feasible to constitute multiple-input multiple-output (MIMO) systems, which are widely used in rich scattering and linear-cell environments, such as subway tunnels, corridors, mines and so on. However, the channel model for LCX-MIMO is quite inadequate. The subway tunnel environment is a typical linear-cell environment, and there are many people to model, measure and analyze performance (e.g., large-scale fading characteristics, path loss, shadow fading, and fast fading) of this environment over different frequency bands (e.g., 920 MHz, 2.4 GHz, and 5.705 GHz) [1] - [3] .
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can realize a good condition number (CN) of channel matrix (i.e., channel matrix with a low CN is said to be wellconditioned matrix, while a matrix with a high CN is said to be ill-condition one; if channel matrix is well-conditioned, it means that the MIMO channel has good condition for the capacity increase of MIMO system, while if H is illconditioned, it means that the MIMO channel is highly correlated and the signals transmitted through MIMO channel induce large interference) and bit error ratio (BER) even when the channel correlation is higher. In [12] , the channel measurement results deliver that the lower CN and the smaller spatial channel fading results can be achieved only when the main radiation angle of LCX is smaller. A matrix with a low CN is validated as a well-conditioned matrix which means that the MIMO channel has a good condition to optimize the system performance. In [13] , it is pointed out that the periodic regions of the higher correlation (where the correlation coefficient is larger than 0.8) can be accomplished after every 0.5λ spacing. These high correlation regions are existed in different frequencies and lengths of LCX. In [14] , it is shown that the channel capacity based on the water-filling power allocation method is closer to an independent and identically distributed (i.i.d.) channel in the case of two LCXs double-ended inputs. By using the equal power allocation method, the LCX-MIMO channel has an improved capacity than using the monopole antennas for both 2.4 GHz and the 5.0 GHz bands. In order to achieve a higher capacity by using MIMO, the antenna spacing of ground base station is usually greater than 10λ [14] - [16] . The results show that the channel capacity is very good when the LCX spacing is deliberated as 0.08λ and 0.167λ. In [17] , MIMO is composed of two LCXs at 2.4 GHz band. When the LCX spacing is 0.24λ, the throughput is similar to that of a single LCX with two-ended input. In [18] , it is verified that the channel capacity of LCX through cross-polarization is better than the co-polarized system.
In literatures, few theoretical researches have been found to investigate the MIMO system performances based on the LCXs. To the best of our knowledge, no study has been encountered which consider the LCXs spacing impact on the channel capacity under non-line-of-sight (NLOS) propagation paths. Thus, in this paper, a GBSB-MIMO channel model is established and the NLOS path is taken into consideration. It is found that the influence of LCXs spacing on channel capacity and CN is highly dependent on the Ricean K-factor. This paper is organized as follows. The electric field distribution of LCX in tunnel is analyzed theoretically in Section II. The GBSB-MIMO channel model is deduced theoretically in Section III. Simulation and measurement are carried out, and the results are compared and analyzed in Section IV. Finally, the paper is concluded in section V.
II. THE RADIATED FIELD DISTRIBUTION OF LCX
The slot structure of the outer conductors of LCXs are separated into three types, which are vertical slots, inclined slots and pair of inclined slots [19] , [20] . In this paper, we only studied the radiated field distribution of vertical slots. The total radiation field of LCX consists of vertical and horizontal components; the other structures can be studied in the same way [19] , [20] .
Through analysis, we perceived that all the slots of LCX are equivalent to a series of magnetic dipoles M based on electromagnetic theory, i.e. the series of periodic slots are equivalent to a uniform linear array of magnetic dipole antennas. The coordinates and structure for vertical slots of LCX are shown in Fig. 1(a) and (b) respectively, and the radiation pattern for single slot of LCX is given in Fig. 2 . The radiated field condition of LCX from the mth harmonic is
where f 1 = c P √ ε r + 1 and f 2 = c P √ ε r + 1 , the period of LCX slot is P, the relative permittivity of the dielectric material is ε r in the LCX, and the velocity of light is c in free space [21] . The formula (1) indicates that if the frequency is in the region of (−mf 1 , −mf 2 ), the mth harmonic is recorded as shown in Fig 3. We were taken the radiation of LCX as the1th harmonic and (f 1 , 2f 1 ) taken into account in order to avoid the fluctuated radiations from the high order harmonics. The propagation angle of mth harmonic is determined by
According to the relationship between the structure of slots in the LCX and the radiation characteristics, there only exists a z-direction electrical field when the slots of LCX are organized in vertical direction [21] . The electrical field distribution around LCX can be written as [19] - [22] 
where E 0 is electric-field strength of LCX at slot surface, k 0 is the propagation constant of electrical wave in free space, and k 0 = 2π f/c. θ is the angle between axial of LCX and the line from field point to center point of slot, whereas r is the distance from center point of slot to the field point [19] . Here, we assumed the electric-field strength on LCX surface E 01 is 1 V/m for the first slot, and the electric-field strength of ith slot is E 0i , and E 0i = E 01 · γ i , where γ i is the longitudinal attenuation factor of the ith slot, and γ i = e −jβ i · α i , where α i is the longitudinal amplitude attenuation and β i is the phase variation. According to the properties of the LCX, the corresponding longitudinal amplitude attenuation and phase variations can be represented as [21] 
where α is the longitudinal power attenuation constant per 100m, α 0 is the longitudinal amplitude attenuation constant per unit of periodic slots, β 0 is the phase variation per unit of periodic slots. k r is propagation constant of electrical wave in LCX and k r = k 0 √ ε r , and P is the periodic of LCX slots. The number of LCX slots is N, while M is the number of scatterers. The rectangular tunnel diagram and channel projection view using two LCXs are depicted in Fig. 4 and the vertical distance between Tx1 and Tx2 is d, the coordinate of Rx1 is (x, y, z), the vertical height of both Rx1 and Rx2 is h, the distance between Rx1 and Rx2 is D, the coordinates of jth scatterer are (x 0j , y 0j , z 0j ) respectively, as shown in Fig. 5 . The r i is defined as the distance of line-of-sight (LOS) propagation link from the ith slot of LCX to receive antenna. Meanwhile, the r ij is defined as the distance of propagation link from ith slot of LCX to jth scatterer, the r ij is defined as the distance of propagation link from jth scatterer to receive antenna. According to formula (3), the strength of radiation field from ith slot of LCX to jth scatterer and from jth scatterer to the receive antenna can be presented as [23] 
According to formulas (3), (6), (7) and Fig. 5 , the total radiation field of LCX consists of LOS component and NLOS component, and it can be written as follows [20] 
where According to formulas (4) and (5), the formulas (8) and (9) can be written as follows
III. MIMO CHANNEL MODELING A. GBSB CHANNEL MODELING FOR LCX-MIMO
According to section II, we consider the MIMO system configuration in tunnel, as shown in Fig. 5 , where the transmitter (Tx) and receiver (Rx) are consists of two LCXs and two electric dipoles, respectively. The tunnel is a rich scattering environment, therefore, the propagation paths are often consists of LOS paths and NLOS paths. Scatterers are modeled as omnidirectional ideal reflectors.
Here, we assumed that the jth scatterer is denoted as S j , for tunnel wall, where the complex envelopes s p and r l are pth (1 ≤ it p ≤ 2) element antenna for transmitter and lth (1 ≤ l ≤ 2) element receiving antenna, respectively. The channel impulse response h lp is from s p to r l . According to the vector notations S = s 1 s 2 and r = r 1 r 2 , where [·] is the transpose operator. The input-output equation for the multi-element antenna fading channel can be written as [4] - [6] r = H · s + n (12) where H is the 2 × 2 complex channel matrix such that
, n is the complex additive white Gaussian noise (AWGN) with zero mean vector and diagonal covariance matrix. In other words, E nn # = P noise I, where P noise is the noise power at each receiver antenna, I is the 2 × 2 real identity matrix, # is the transpose conjugate operator.
In this paper, the channel model is based on GBSB [4] - [8] and far electrical field distribution around the LCX. We installed the LCXs in one side of the tunnel wall, and effective scatterers are mainly distributed in other side of the tunnel wall. (13) where h NLOS lp is random process, while h LOS lp is deterministic. According to the description of radiation characteristics of LCX, electro-magnetic (EM) considerations, and GBSB model, the LOS and NLOS components can be written as
h NLOS lp 
1) CF OF THE LOS COMPONENT
In this paper, the CF between h LOS 11 and h LOS 12 of the LOS component is only considered corresponding to the slots of two LCXs. According to formulas (14) and (16) 
According to the calculating formula for the distance r " ij from jth scatterer to receiver, the r " 11,ij is equal to r " 12,ij . Therefore, the formula (20) can be presented as According to the proposal of this paper, the CF of channel model was derived and the new model is much different from others. Firstly, the tunnel has rich scatterers. Secondly, the tunnel is classified as rich scattering environments, and the size of spatial model in tunnel is smaller than others, so approximation algorithm cannot be used here. Finally, the attenuation of electromagnetic wave in tunnel is more than others. In this paper, we only take single bounce into consideration for the NLOS and LOS paths.
C. CALCULATION OF CN AND CAPACITY
The channel matrix of MIMO with low or high CN is said to be well or ill conditioned matrix. If H is well-conditioned, it means that the MIMO channel state is good for the capacity increase of MIMO system; while if H is ill-conditioned, it means that the MIMO channel has high correlation and the signals transmitted through MIMO channel induce large interference. The condition number (CN) of 2 × 2 channel matrix is given by η = 20 log 10 λ 1 λ 2 (22) where λ 1 λ 2 is the maximum and minimum eigenvalue of the channel matrix. The complex channel H-matrix can be written as:
We considered the SNR as a constant. The total power of channel gains is normalized as h ij = 4(i, j = 1, 2). The complex H-matrix can be normalized by Frobenius norm as follows [8] :
where ||.|| F denotes Frobenius norm, n Tx =2, n Rx =2 are the number of Tx antennas and the number of Rx antennas, H nor is the 2 × 2 normalized channel matrix. The channel state information (CSI) is unknown at Tx side, but perfectly known at Rx, and equal power is allocated at Tx. The capacity of MIMO channel can be described as follow [8] : (25) where I n Rx is real identity matrix; (.) # denotes the transpose conjugate; ρ is the average signal-to-noise ratio (SNR) at each antenna of Rx.
IV. PERFORMANCE EVALUATION
For the MIMO channel model performance, three properties in terms of the CN, channel CF and channel capacity are taken into account. Based on the formulas (18)- (21) and (24) - (25), here we mainly discussed different K-factor values and LCX spacing impacts for the CN, capacity and CF, respectively. 
A. MEASUREMENT AND SIMULATION AND PARA-METERS SETUP
The measurement campaign was carried out in a subway-like tunnel at Zhongtian technology company (ZTT), Nantong, China. This tunnel is mostly used for the scattered field measurements. The specific experimental scenario and campaign are illustrated in Fig. 6 . The MATLAB software was used for evaluation of analytical results. Here, the scale of rectangular tunnel was L ×W × H = 50 × 5 × 3(m3) for simulation and measurements. The LCX used for the measurement was provided by the ZTT. We considered the 1.8 GHz frequency band because it delivers the smooth, stable and reliable communication. In measurement, the horizontal distance between received antennas and LCX is x = 2.44 m, the horizontal distance between LCX and tunnel wall is 0.06m, the vertical distance between LCX and tunnel ground is (y + h) = 2.7 m, the longitudinal power attenuation per 100 m α is 4.0 dB/100 m, the periodic of slot P is 0.252 m, the total number of slot N is floor (50/P)-1, and the relative permittivity of the dielectric material ε r is 1.25. We proposed that the simulation of scatterers are uniformly distributed (x 0j = 4.94 m, y 0j ∼ U (-0.3 m, 2.7 m), z 0j ∼ U (0.0 m, 50.0 m)) due to the variations trend of MIMO system performance go through from more stable environment when the scatterers number M ≥ 200, but its changing is instability when M 200, so we assumed that M = 200 in simulation. The different parameters used for measurement and simulation results are given in TABLE 1.
B. CALCULATION OF RICEAN K-FACTOR
In order to make sure that the Ricean K-factor values of simulation results are consistent with measurement results, the Ricean K-factor can be estimated from measurements for received power versus time relationship. To save paper's space, the mathematical formulas for the moment method are not cover here. We only describe final results here as follows [24] , [25] . where
Here, |V| 2 and σ 2 denote received powers of LOS and NLOS, respectively. Further, Ga is the real value of the first moment or the time average of received power gain G (received power gain G is given by | r| 2 ); the second moment of interest is the root-mean-square (RMS) fluctuation of G about Ga, and the real value of this fluctuation is Gv.
C. PERFORMANCE EVALUATION OF CN, CAPACITY, AND CF
Based on the channel model as demonstrated above, we carried out the simulations and measurement campaign. The cumulative distribution function (CDF) of the CN of simulations and measurements with various LCX spacings are illustrated in Fig. 7 . Meanwhile, CDF of channel capacity of simulations and measurements with various LCX spacings and the CDF of the 2 × 2 MIMO capacity with i.i.d. Rayleigh fading at the fixed SNR are depicted in Fig. 8 . Here, the CDF of the capacity is obtained by assuming the average SNR of 10dB in Fig. 8 . In Fig.7 and Fig.8 , the CN and capacity of LCX spacing for 6.0λ is not described because of the CN and capacity of LCX spacing for 4.8λ is similar to the 6.0λ. The mean value of CN and capacity of simulation and measurement with various LCX spacings are listed in TABLE 2 and TABLE 3 . The CF of simulation and measurement results with various LCX spacings are plotted in Fig. 9 . By comparing the measurement results for the CN, capacity and CF with the simulations, we deduced that the measurements depict relatively fit curves with the simulations under different LCX spacings (e.g., 1.2λ, 4.8λ, 6.0λ, 11.4λ). In other words, the model of this paper is suitable for LTE-M based communication in tunnel scenario. Based on the Fig. 7 and Fig. 8 , both CN and capacity of measurements and simulations are relatively closer in different LCX spacing's when the Ricean K-factor (the mean value of K-factor is 4.1dB in measurement) is fixed (under the stationary communication environment). But the measurement environment is not guaranteed perfectly for fixed Ricean K-factor because of the irrationality of measurement environment, and we only considered the scatterers from roof, ground, and only one side of tunnel wall instead of both sides in simulations. So the CN and capacity in measurement results is not perfectly matched with the simulation. In simulation, we assumed the number of scatterers is constant; in measurement, the number of efficient scatterers is not constant and more than number of scatterers of simulation, and the NLOS propagation paths are not fixed. So the curves of figures of CN and capacity for simulation are smoother than measurement in different LCX spacing. In measurement, we only carried out four different LCX spacing (1.2λ, 4.8λ, 6.0λ, 11.4λ) because it has a lot of workload. But in simulation, we simulated the LCX spacing from 0 to 11.4λ by step 0.05λ. In Fig. 9 , the CF for both measurement and simulation results indicate the step-down characteristics with the increment of LCX spacing, and the CF is smaller than 0.8 when the LCX spacing is more than 1.0λ. The CFs for both the simulation and measurement results indicate that the use of LCX in tunnel environment has a favorable performance. By comparing the CF results of measurement and simulation, we can see that the measurement is similar to simulation and the feasibility and rationality of the model is verified again. In Fig. 9 , the LCX spacing of 4.8λ for CF is similar to the 6.0λ and agrees with the description of above for the CN and capacity. The simulation and measurement results for capacity, CN and CF with different LCX spacings indicated the following conclusions:
1) The proposed model is feasible and reasonable, which can be verified through comparison of the simulation and measurement results. 2) The LCX-MIMO system has a better performance.
In TABLE 3, the mean capacity in all cases is closer to the mean capacity (5.55 bit/s/Hz) of ideal 2 × 2 MIMO with (i.i.d.) Rayleigh fading channel. The CN and capacity for both measurement and simulation results are very close to each other with the different LCX spacing's under the stationary communication environments (the Ricean K-factor is fixed, and the SNR is constant).
D. IMPACT OF THE RICEAN K-FACTOR AND LCX SPACING ON CAPACITY AND CN
In this section, we discussed the influence of different Ricean K-factor values and LCX spacing on CN and capacity by simulation. Then, we explain why LCX spacing has a great impact on CN and capacity. Fig. 10 and Fig. 11 describe the CN and capacity for different Ricean K-factor values and LCX spacings. According to the descriptions in Fig. 10 and Fig. 11 , we deduced the following results: 1) When Ricean K-factor is small, the LCX spacing has a little influence on CN and channel capacity; when Ricean K-factor increases, the LCX spacing has a greater impact on CN and channel capacity. For different transmitting antenna spacings, the influence of Ricean K-factor on CN and channel capacity of LCX, and dipole antenna is different. This is due to the uniform coverage of LCX radiation, and the tunnel which is a rich scattering environment. In addition, the larger Ricean K-factor, the greater LOS power, the higher channel correlation, the higher CN, and the lower channel capacity. 2) For different Ricean K-factor, the change of CN and channel capacity is different with the change of Tx antenna (LCX) spacing. When the spacing is near to 0.0λ, LCX is regarded as same as the half-wave dipole antenna; when the spacing is greater than 1.0λ, LCX is better than dipole antenna; when the spacing is [1λ − 4λ] and [9λ − 10λ], the change of LCX is not obvious.
V. CONCLUSION
In this paper, a GBSB-MIMO channel model is proposed for long term evolution-metro (LTE-M) in tunnel scenario by using the LCX. According to the electromagnetic field theory, the slot of LCX is equivalent to a series of magnetic dipole. The channel impulse response and channel CF of the LOS and NLOS propagation paths in tunnel are deduced theoretically. By comparing of the simulation and measurement results in terms of CN, channel capacity and channel CF, the feasibility and rationality of the model is verified. It can be seen that the LCX-MIMO capacity is closer to the capacity of i.i.d. Rayleigh fading channel (5.55 bit/s/Hz). From this paper, we deduced the following results:
1) The influence of LCX spacing on CN and channel capacity is small when Ricean K-factor is smaller, while the influence of LCX spacing on CN and channel capacity is increased when Ricean K-factor is increased. 2) When the LCX spacing is greater than 1.0λ despite the change of Ricean K-factor value, the CN is always lower than 30 dB and the channel capacity is always greater than 5.0 bit/s/Hz. However, when the dipole spacing is greater than 1.0λ, the CN is greater than 30 dB for some Ricean K-factor values and the channel capacity is less than 5.0 bit/s/Hz under specific Ricean K-factor values. The results indicate, since the tunnels are classified as rich-scattering environments and the LCX radiation is uniformly covered, therefore the LCX-MIMO system has promising performance than the dipole-MIMO in tunnel environment.
